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[57] ABSTRACf 
An omnidirectional hydrophone having an elastic shell 
which is spheroidal so that the circumference of the 
shell about different axes changes differentially when 
the shell is subjected to pressure variations. The differ-
ences in circumference are advantageously measured by 
an optical fiber interferometer having one leg wound 
about the equatorial circumference of the shell and 
another leg wound about its meridional circumference. 
The shell may be an oblate spheroid having the ratio of 
its major axis to is minor axis greater than about (2-v)!, 
where v is Poisson's ratio of the shell material, so that 
the shell narrows along one axis and widens along the 
other when the shell is subjected to a pressure change. 
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BACKGROUND OF THE INVENTION 
It is known to provide optical fiber interferometric 
measurements of pressure and variations thereof by 
arranging a resilient cylinder, which is wound with an 
optical fiber, for compression resulting from strain of a 
1. Field of the Invention 
This invention relates to acoustic vibration sensing 
apparatus having a light transmitting fiber. 
2. Description of the Prior Art 
5 primary element so that lateral expansion of the cylin-
der lengthens the fiber. This optical fiber arrangement 
for pressure measurement is effective and is adapted to 
push-pull operation by using two cylinders and winding 
Many sensors for acoustic vibrations and other fluid 10 
pressure effects are well known and have various defi-
ciencies such as low sensitivity, response that varies 
undesirably with direction, high cost, limited maximum 
pressure, and errors due to temperature and static pres-
sure. The flexure or other strain of a primary elastic 15 
element subjected to a pressure difference is a well-
known basis for acoustic and other pressure measure-
ments, the amount of flexure typically being determined 
directly, or by piezoelectric, capacitive, or resistive 
changes in secondary elements associated with the pri- 20 
mary element. 
It is well-known to generate acoustic vibrations by an 
elastic shell which is generally ellipsoidal and has an 
internal piezoelectric disk or rod extending across the 
equator of the shell and coupled thereto so that, when 25 
electric signals of the usual frequencies employed with 
hydrophones are applied to the piezoelectric element, 
the resulting dimensional changes thereof cause the 
shell to oscillate and project corresponding acoustic 
vibrations in a surrounding fluid. Such a prior art pro- 30 
jecting device, which has been termed a "flextensional 
transducer", is. therefore, an impedance transducer for 
converting vibrations of a piezoelectric element to fluid 
vibrations. Insofar as known to the present applicants, 
the use and sensitivity of a similar shell as the primary 35 
element of a receptor for acoustic vibrations has never 
been previously considered. In such prior art projecting 
transducers, the ellipsoidal shell is forced to oscillate in 
an equatorial plane or, in many cases, only along one 
axis of such a plane, so that the ratio of the lengths of the 40 
minor and major axes of the shell is not significant and 
has not been investigated. Also, in such a prior art trans-
ducer the forced shell oscillations are not significantly 
affected by temperature as is typically the case with 
such secondary elements used in an acoustic vibration 45 
sensor. 
Interferometric measurements of strain can provide 
great resolution and, when carried out with an optical 
fiber, can provide a simple and rugged sensor which 
requires low power, is immune to many forms of inter- 50 
ference, and is adapted to remote sensing of pressure 
variations and to high data rates. However, optical 
fibers are relatively insensitive per unit length when 
used directly for measurement of pressure variations 
and are subject to errors due to static pressure, tempera- 55 
ture, and the like. Increase in leg length to provide 
greater sensitivity typically increases such errors pro-
portionately,and interferometers having an optical fiber 
leg are particularly subject to error from temperature 
caused variations in the length of the leg. It is known to 60 
minimize these errors by a "push-pull" arrangement of 
a pair of interferometer optical fiber legs where a 
change in a measured variable shortens one leg and 
lengthens the other while both legs change length to-
gether with variations in temperature and static pres- 65 
sure. However to be effective, this interferometric re-
jection of common mode errors requires that both legs 
be subject to the same conditions. 
an optical fiber leg under tension on each cylinder, but 
is somewhat limited in sensitivity. Also, typical existing 
such arrangements are directional, are relatively com-
plex in construction since the fibers and cylinders are 
disposed within a primary sensing element, and reject 
common mode errors imperfectly since the push-pull 
optical fiber legs are separated to some extent spatially 
and thermally. 
SUMMARY OF THE INVENTION 
It is, therefore, an object of the present invention to 
provide a hydrophone or other acoustic vibration sen-
sor which is omnidirectional, is of very simple construc-
tion, and is highly sensitive. 
Another object is to provide optimized configura-
tions for a spheroidal, elastic shell of such a sensor. 
Still another object is to provide such a sensor which 
is particularly adapted to include a fiber optic interfer-
ometer having a pair of legs in a push-pull arrangement. 
Yet another object is to provide such a sensor which 
is conveniently connectable in an array and to remote 
interferometric sources and detectors. 
These and other objects and advantages are provided 
by the present invention of an omnidirectional hydro-
phone or other acoutic vibration sensing apparatus hav-
ing an ellipsoidal and elastic shell which flexes when 
subjected to pressure variations so that the circumfer-
ence of the shell, as measured in different directions, 
varies diffrentially. This differential strain may be effec-
tively measured by an optical fiber interferometer hav-
ing one leg wound about the equatorial circumference 
of the shell and the other leg wound about its meridio-
nal circumference. A hydrophone oUhe present inven-
tion is particularly effective when the shell is an oblate 
spheroid having the ratio of its major axis to its minor 
axis greater than about (2-v)!, where v is Poisson's 
ratio of the shell material, so that the shell narrows 
along one axis and widens along the other when sub-
jected to a pressure change. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The features of the present invention will be apparent 
from the following detailed description when consid-
ered in conjunction with the accompanying drawings 
wherein: 
FIG. 1 is a section of a hydrophone which is a first 
embodiment of the present invention, this embodiment 
being characterized by an elastic, isotropic and oblate 
spheroidal shell having optical fibers wrapped meridio-
nally and equatorially about the shell exterior. The shell 
is depicted as immersed in a fluid, and a dot-dash ellipse 
indicates a configuration of the shell resulting from 
increasing fluid pressure represented by arrows; 
FIG. 2 is an exterior view of the hydrophone of FIG. 
1 with the optical fibers connected as legs of a diagram-
matically represented interferometer; 
FIG. 3 is a section, similar to FIG. 1, ofa hydrophone 
which is a second embodiment of the present invention 
and is similar to the first embodiment, but characterized 




FIG. 4 is a section of a hydrophone of the first em-
bodiment adapted for fluid fIlled operation; 
FIG. 5 is a section of a hydrophone, which is a third 
embodiment of the present invention similar to the first 
embodiment, but characterized by the oblate spheroidal 5 
shell containing elements of a compliant mandril optical 
fiber interferometer; 
FIG. 6 is a section of a hydrophone which is a fourth 
embodiment of the present invention similar to the third 
embodiment, but having the shell contain a plurality of 10 
piezoelectric elements; 
FIG. 7 is a section of a hydrophone which is a fifth 
embodiment of the present invention characterized by a 
generally spherical shell of varying thickness; 
FIG. 8 is a section of the hydrophone of FIG. 7 on 15 
line 8-8 thereof; and 
FIG. 9 is a view of a hydrophone which is a sixth 
embodiment of the present invention characterized by a 
generally spherical shell of composite material wound 
so that the effective modulus of elasticity of the shell has 20 
a predetermined variation therealong. The shell is de-
picted with a portion broken away to share its compos-
ite construction. 
DETAILED DESCRIPTION 25 
Certain principles of the present invention will first 
be described with reference to FIGS. 1 and 2, which 
show a first embodiment of the present invention char-
acterized by an oblate spheroidal shell 20 having, exter-
nally, an equatorial wrapping 21 and a meridional wrap- 30 
ping 22 of optical fiber, and to FIG. 3, which shows a 
second embodiment of the present invention character-
ized by a prolate spheroidal shell 25 also having, exter-
nally, an equatorial wrapping 26 and a meridional wrap-
ping 27 of optical fiber. Shells 20 and 25 are of substan- 35 
tially uniform thickness and are constructed of any 
suitable elastic and isotropic material. These shells are 
depicted as having their major diameters about twice 
their minor diameters for reasons which are subse-
quently presented. Shells 20 and 25 are adapted for 40 
immersion in a fluid 31 having pressure variations or 
acoustic vibrations to be sensed by a hydrophone or 
other pressure variation sensor incorporating a shell 
such as shell 20 or 25 and its respective wrappings 21 
and 22 or 26 and 27. An increasing such pressure varia- 45 
tion is indicated in FIGS. 1 and 3 by arrows 33, and the 
resulting configuration of shells 20 and 25 relative to 
their depicted configuration at some relatively lower 
pressure is indicated by dot-dash ellipse 35 in FIG. 1 
and a corresponding ellipse 36 in FIG. 3, the relative 50 
change in configuration being exaggerated for illustra-
tive purposes. 
It is intuitively apparent that, when a thin, elastic, and 
isotropic spherical shell of uniform thickness is sub-
jected to an increasing external pressure which is uni- 55 
form over the shell exterior as occurs when a shell is 
subjected to fluid acoustic vibrations having a wave-
length relatively long in relation to the longest exterior 
dimension of the shell, such a spherical shell will de-
crease uniformly in radius. In FIG. 3 and similarly to 60 
such a spherical shell, the increased pressure configura-
tion ellipse 36 is everywhere within prolate shell 25. 
Ellipse 36 is closer to shell 2S at some places than oth-
ers, a result believed intuitively apparent from the non-
spherical configuration of shell 26. However as shown 65 
in FIG. 1 and believed not apparent to one skilled in the 
art of acoustic vibration sensors, ellipse 35 is within 
oblate shell 20 at some places but is outside at other 
places. A decreasing pressure variation would result in 
an opposite change in these relative configurations; that 
is, the prolate surface of shell 25 would be everywhere 
outside its depicted position, whereas the shell 20 oblate 
surface would be outside the FIG. 1 position where 
ellipse 3S is inside and inside the FIG. 1 position where 
ellipse 35 is outside. The reason for this difference be-
tween FIGS. 1 and 3 is highly significant in certain 
embodiments of the present invention and will be 
shortly discussed in detail. 
However, at this point it is desirable to present cer-
tain definitions useful in understanding the present in-
vention. An ellipsoid is a three dimensional surface all 
of whose sections are either circles or ellipses. A spher-
oid is an ellipsoid generated by rotating an ellipse about 
one of its axes and, therefore, having orthogonally re-
lated major and minor axes. A prolate spheroid, which 
is generated by rotation of an ellipse about its major 
axis, has one longest axis, which is its major axis or pole, 
and may be considered as having a plurality of shorter 
or minor axes. An oblate spheroid, which is generated 
by rotation of an ellipse about its minor axis, has one 
shortest axis, which is its minor axis or pole, and has a 
plurality of longer or major axes. Herein, in both pro-
late and oblate spheroids the equator is in a plane nor-
mal to such pole and has a radius represented by "a" 
with the length of an axis of the spheroid in this plane 
represented by "A", while each meridian is in a plane 
including the pole and intersects the pole at a radius 
"b", the length of the pole as an axis of the spheroid 
being represented by "B". An equatorial circumference 
or wrapping, such as wrapping 21 or 26, thus approxi-
mates a circle about the pole of a spheroid, and a meridi-
onal circumference or wrapping, such as wrapping 22 
or 27, approximates an ellipse in the plane of such pole. 
Referring again to FIGS. 1 and 3 where it is seen that 
the semi-minor and semi-minor axes, and thus the corre-
sponding circumferences, of spheroidal shells 20 am;! 25 
vary differently in length when the shell is subjected to 
a pressure variation due to acoustic vibrations in fluid 
31, it is evident that, by fixing optical fiber wrappings, 
such as wrappings, 21, 22, 26, and 27 on the correspond-
ing shell 20 or 25, these windings will have variations in 
length corresponding to the acoustic vibrations and to 
the deformations induced thereby in the shells. It is 
convenient and preferable to wind such an optical fiber 
wrapping externally on such a shell and in tension so 
that each turn of the wrapping contracts as the corre-
sponding shell circumference decreases and so that 
access is not required to the interior of the shell which 
may thus be unitarily constructed, as by casting, in a 
finished condition. Wrappings 21 and 22 or 26 and 27 
are thus a pair of strain detecting elements, which ex-
tend circumferentially about the corresponding shell 20 
or 25 in a pair of directions individually corresponding 
to the unequal length major and minor axes of the shell, 
for detecting differential variations in the shell circum-
ferences about these axes. 
These differential variations in shell circumference 
may be detected interferometrically by connecting such 
a pair of optical fiber wrappings, such as wrappings 21 
and 22, as the legs of a well-known optical fiber Michel-
son interferometer as shown in FIG. 2. When so con-
nected, one end of each wrapping is a reflector and may 
be protected by any suitable cap 40. The other wrap-
ping ends are connected to one side of any suitable 
coupler 42 from the other side of which one optical 




a detector 46 which outputs an electronic signal repre-
sented by arrow 47. This signal corresponding to inter-
ference fringes generated by the varying lengths of the 
wrappings as light from laser 44 passes through the 
fibers, as indicated by arrows 48, so as to be reflected 5 
from capped ends 40 and interfere in coupler 42. Signal 
47 thus corresponds to the differential variations in shell 
circumference and to the acoustic vibrations in fluid 31. 
It will be apparent to one skilled in the art of optical 
fiber interferometric strain measurement that each of 10 
the wrappings 21 or 22 serves as a reference interferom-
eter leg for the other. Typically, one of the wrappings 
21 and 22 is wound over the other and both are secured 
exteriorly to shell 20 by any suitable adhesive. These 
wrapping are thus spatially close, thermally well con- 15 
nected, and subjected to the same pressure so that, by 
making the wrappings substantially equal in length, the 
common mode effects of temperature and static pres-
sure changes on the effective leg lengths may be can-
celed. As indicated by breaks 50 near coupler 42 in the 20 
optical fibers, this coupler may be remote from shell 20, 
although this reduces sensitivity and rejection of com-
mon mode errors, and may be remote from relatively 
delicate apparatus such as laser 44 and detector 46, as 
for connection in an array, without undesirable effects 25 
on accuracy. In order to increase the sensitivity of a 
sensor, such as that shown in FIG. 2, it is desirable that 
the optical fibers forming the wrappings 21 and 22, be of 
considerable length, typically 10 meters, although usual 30 
axial dimensions of shell 20 are in the order of a few 
centimeters. Each fiber is thus wound in a plurality of 
turns on the shell. Since the fibers must be of equal 
length within the coherence length of light from laser 
44, a distance of a few centimeters, there is a different 35 
number of turns in the pair of wrappings on a spheroidal 
shell. 
It will also be apparent that the sensitivity of such 
interferometric or other strain measurements of differ-
ential variations in the equatorial and meridional cir- 40 
cumferences of spheroidal shells, such as shells 20 and 
25, is ultimately determined by the relative variation in 
the circumferences due to a particular pressure varia-
tion. This difference is, relatively, much larger for the 
oblate shell 20, where the crcumferential changes are of 45 
opposite sign, than for the prolate shell 25 where these 
changes are of the same sign and may be relatively small 
absolutely. However, the prolate spheroidal form of 
shell 25 is so desirable in certain arrays that the prolate 
form would be used therein to obtain the other advan- 50 
tages of the present invention despite any reduced sensi-
tivity due to the prolate form. 
The relative sensitivity of prolate and oblate shells in 
fluid acoustic vibration sensors of the present inventon 
will now be defined. It can be shown, using well-known 55 
mathematical functions and operations and the well-
known theories of surfaces, of elasticity, and of stresses 
in plates and shells as applied to an ellipsoidal, thin shell 
of revolution which is under pressure, constructed of 
isotropic elastic material, and undergoes a relatively 60 
small strain, that: 
Ell = 




E22 = (2) 
where: 
Ell = the strain of an element of the shell in a direction 
along a circle parallel to the equator thereof, 
E> = the strain of an element of the shell in a direction 
along a meridian thereof, 
</> = the angle between the normal to the element and 
the axis of revolution of the ellipses defining the 
surface, 
t=the thickness of the shell, 
E=the modulus of elasticity, Young's modulus, for 
the shell material, 
v=Poisson's ratio for the shell material, 
a=the length of a semi-equatorial axis of the shell, 
b=the length of a semi-meridional or polar axis, and 
of the shell, 
p=the pressure difference between the interior and 
exterior of the shell. 
These expressions for strain are derived using mem-
brane theory which applies to a "thin" shell. Such a 
shell is defined as one in which the distribution of stress 
across the thickness is uniform, that is, generally the 
same radialIy across the shell. It is known that mem-
brane theory is precisely correct as applied to an ellip-
soidal shell when: 
t< <a2/3b for a ~b/2 
However, the results obtained from membrane theory, 
typically, are substantially or, at least, qualitively cor-
rect even for shells which are not, strictly speaking, 
"thin". The equatorial circumference CE of an ellipsoid 
is that of a circle of radius a: 
CE=21Ta (5) 
The meridional circumference CM is that of an elIipse, 
and can, therefore, be given exactly only in terms of 
E(k), the elliptic integral of the second kind: 
(6) 
eM = 4bE U I - ~~ ) for a ~ b (7) 
E(k) will vary between 1T/2~E(k)~ 1 as k varies be-
tween O~k~ 1. The circumference of an ellipse may be 
approximated by the upperbound: 
(8) 
This expression is exact for alb = 1 and at worst overes-
timates the circumference by less than 10% in the limit 
7 
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a/b-oo or a/b-+O. 
8 
tity of any suitable liquid 88, typically a silicone oil, 
which can flow within boot 20 between the shell exte-
rior and interior through orifice 86. As a result, liquid 88 
equalizes the static pressure of any other fluid in which 
Two quantities of interest for a hydrophone of the 
present invention are the increase in the lengths of the 
equatorial and meridional circumferences. The increase 
in the equatorial circumference !iCE is the product of 
the strain times 2 lTa, since EI1(1T/2) is independent of 8: 
5 boot 85 is immersed on both sides of the shell 20 so that 
the shell need not be constructed to withstand high 
static pressure. Orifice 86 has dimensions selected in a 
well-known manner to severely atenuate acoustic vibra-
(9) 10 
Due to the variation of E22 with <p, the increase in the 
meridional circumference !iCM must be obtained by 15 
integration: 
(10) 
tions at frequencies of interest and communicated to 
liquid 88 through boot 85 from a surrounding fluid, so 
that such vibrations do not result in corresponding fluid 
pressure variations within shell 20 and so that the shell 
deflects in response to such acoustic vibrations. 
FIG. 5 shows a third embodiment of hydrophone of 
- {J1rab [ a2 ] 2Et ~ + 1 - 2v 
From this it is apparent that the equatorial circumfer-
ence increases for oblate spheroids when alb>(2-v)i, 
whereas the meridional circumference decreases for all 
the present invention having an oblate spheroidal shell 
20 similar to that of FIGS. 1 and 2 and deforming simi-
larly under an increasing external pressure. This third 
embodiment hydrophone has a mass 100 disposed cen-
trally within the interior surface 101 of its shell 20 and 
ellipsoids since material stability requires that v~ 1. 25 
Eliminating common factors between equations (7) 
and (8) and inserting a value for Poisson's ratio of 0.33, 
20 has four elastomeric cylinders 102 and 103 extending 
from mass 100 to shell surface 101. Cylinders 102, typi-
cally extend oppositely from mass 100 along a major 
axis of oblate shell 20 so that, as depicted, the length of 
each of each cylinder 102 increases and its circumfer-
ence constricts when increasing external pressure ex-
a typical value for common engineering metals such as 
steel and aluminum, and using a ratio of b/a of 2.0 of a 
prolate ellipsoidal shell, as depicted in FIG. 3, gives the 30 
following relative circumferential changes: 
Et Et 
--2- = -1.42 and --2- = -0.59 
prra prra 
pands the shell equatorially as indicated by arrows 105. 
Cylinders 103 extend oppositely from mass 101 along 
the minor axis of oblate shell 20 so that each cylinder 
103 shortens and its circumference expands when in-
creasing external pressure contracts the shell along said 
axis as indicated by arrows 106. The size of mass 100 
and the elasticity of cylinders 102 and 103 may be se-
lected, in a well known manner, to have a resonant 
where the minus sign indicates reduction in circumfer-
ence for increasing pressure. For such a prolate shell, 
the relative differential circumferential change available 
for sensing by an interferometer similar to that of FIG. 
35 frequency substantially higher than the frequencies of 
acoustic vibrations for which the third embodiment 
hydrophone is to be a receptor. As a result, when the 
hydrophone is subjected to these frequencies mass 100 
2 is thus about 0.83. 40 
However, a similar calculation for an oblate ellipsoi-
dal shell, as depicted in FIG. 1 and having a ratio of alb 
of 2.0, gives these relative circumferential changes: 
remains substantially stationary with respect to the shell 
20, and the shell and cylinders deform at the acoustic 
vibration frequencies as depicted in FIG. 5. This mode 
of operation is in contrast to certain seismic vibration 
sensors, which have a configuration similar to that 
shown in FIG. 5, but have the cylindrical fiber mandrils 
Et Et 
--2- = 2.33 and --2- = -1.09 
prra prra 
the relative differential circumferential change for such 
45 in a given axis as different arms of the interferometer 
and have a mass with a resonant frequency higher than 
the frequencies of interest so that the mass oscillates 
thereat within a stationary and rigid enclosure that 
an oblate ellipsoid is 3.42, an increase in sensitivity of 
over a factor of four of obtainable by following the 50 
principles of the present invention. 
FIG. 4 shows a hydrophone which is a liquid filled 
adaptation of the embodiment of FIGS. 1 an 2 and, 
similarly, has an oblate spheroidal shell 20 and a pair of 
optical fiber windings 21 and 22 connected to an optical 55 
coupler 42. Coupler 42 is depicted in a preferred loca-
tion adjacent to shell 20 and to windings 21 and 22 for 
the most effective rejection of common mode errors, 
other interferometer elements being remote from the 
shell and connected to the windings at points 80. 60 
The hydrophone of FIG. 4 utilizes a well-known 
construction in being completely enclosed in an elasto-
meric envelope or boot 85 and in having shell 20 pro-
vided with a relatively small orifice 86 which estab-
lishes restricted fluid communication between the inte- 65 
rior and the exterior of the shell. The optical fibers of 
windings 21 and 22 pass through boot 85 by a sealed 
opening 87. Boot 85 and shell 20 are filled with a quan-
translates with the fluid velocity. 
The hydrophone of FIG. 5 has an optical fiber 110 
wrapped under tension and successively about cylinders 
102 and has an optical fiber 111 similarly wrapped about 
cylinders 103. The relative length of fibers 110 and 111 
thus changes in correspondence with the circumferen-
tial variations in these cylinders due to acoustic vibra-
tions to which the hydroophone is subjected. These 
fibers may be used in a push-pull mode as the legs of an 
interferometer similar to that depicted in FIG. 2 to 
detect such acoustic vibrations. 
FIG. 6 depicts a fourth embodiment of hydrophone 
which is similar to that of FIG. 5 in having an elastic 
and oblate spheroidal shell 20 surrounding a mass 100 
within the interior surface 101 of the shell which de-
forms under increasing external pressure as indicated by 
arrows 105 and 106. However, this fourth embodiment 
has four piezoelectric devices 115 and 116 of any suit-
able and well-known construction disposed within the 
shell and connected thereto and to mass 100 in an ar-
9 
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rangement, which is similar to that of cylinders 102 and 
103, so that devices 115 extend and devices 116 contract 
as shell 20 is subjected to externally increasing pressure. 
Mass 100 and devices 115 and 116 thus form a piezoelec-
tric element having opposite end portions 117 con- 5 
nected to shell surface 20. Typically, devices 115 and 
116 are relatively stiff so that the resonant frequency of 
such a piezoelectric element is substantially greater than 
that of any acoustic frequency of interest in a hydro-
phone receptor. Therefore, devices 115 may be con- 10 
nected by conductors 118 and devices 116 connected by 
conductors 119 so that these devices may be utilized in 
any suitable and well-known manner in a push-pull 
mode to detect oscillating strain variations in shell 20 
due to fluid acoustic vibrations to which the shell is 15 
subjected. 
FIGS. 7 and 8 show a fifth embodiment by hydro-
phone of the present invention having a generally 
spherical shell 130 wound equatorially with an optical 
fiber wrapping 131 and meridionally with another such 20 
wrapping 132. Wrappings 131 and 132 may be arranged 
in the same manner as wrappings 21 and 22 to detect 
interferometrically differential variations in the circum-
ference of shell 130 due to acoustic pressure variations 
to which this shell is subjected. In contrast to a spherical 25 
shell of constant thickness, which has no such differen-
tial variation as before stated, shell 130 is constructed in 
any suitable manner, as by centrifugal casting, so as to 
10 
tively, in regions 141 and 142. Preferably and as shown 
in FIG. 9, optical fiber windings 147 and 148 are buried 
within shell 140 by being wound during the winding of 
fibers 143 and are connected to other elements of an 
interferometer by end portions 149 left outside shell 140 
during winding thereof. 
EXAMPLE 
To set forth the manner of making a flextensional 
hydrophone of the present invention and further illus-
trate the advantages thereof, the calculations for a typi-
cal design of first embodiment of such hydrophone, as 
shown in FIGS. 1 and 2, will now be presented after 
developing certain helpful and necessary equations 
using the symbols previously utilized. 
The lowest frequency mode of vibration for a hydro-
phone shell, such as shell 20, must be higher than any 
acoustic frequencies to be received and, for use in a 
multiplexed array, should be less than one-half of the 
sampling frequency. The natural vibration frequencies 
may be obtained by including inertial effects in the 
membrane theory, and the free vibration frequencies for 
prolate and oblate spheroidal shells in vacuum are 
known as is the effect of a surrounding fluid on the 
natural frequencies of prolate spheroidal shells. In gen-
eral, an ellipsoidal shell has slightly higher natural fre-
quencies in vacuum than those of a spherical shell with 
a radius equal to the semi-major axis of the ellipsoid, 
while an ellipsoidal shell surrounded by a fluid has 
lower natural frequencies than if an vacuum due to the 
additional entrained mass 'caused by fluid loading. 
Hence, the natural frequency of an ellipsoidal shell in a 
fluid should be approximately the natural frequency of 
a circumscribed spherical shell of the same thickness in 
be substantially thicker in its equatorial circumferential 
region corresponding to wrapping 131 than in its merid- 30 
ional circumferential region corresponding to wrapping 
132. As a result, when shell 130 is subjected to increas-
ing external pressure it expands equatorially as indi-
cated by arrows 135 in FIGS. 7 and 8 and contracts 
meridionally as indicated by arrows 136 in FIG. 8. 
FIG. 9 shows a hydrophone which is a sixth embodi-
ment of the present invention characterized by having a 
shell 140 constructed so that the modulus of elasticity of 
the shell is greater in an equatorial circumferential re-
gion 141 than in a meridional circumferential region 40 
142. As a result, when shell 140 is subjected to increas-
ing external pressure it expands along an meridional or 
polar axis as indicated by arrows 143 and contracts 
along an equatorial axis as indicated by arrows 144. 
Such a variation in modulus of elasticity may be pro- 45 
vided in a number of ways, which will be apparent to 
one skilled in the art, as by equatorial inserts of stiffer 
material or by a construction of composite material 
using fibers of different moduli of elasticity. Such a 
construction is shown in FIG. 9 and is believed particu- 50 
larly convenient and rugged and utilizes well-known 
composite construction having fibers 145 secured to-
35 a vacuum. The lowest frequency mode of a thin spheri-
cal shell is independent of thickness and for v=O.25 is: 
J gether by a binder 146. As shown in FIG. 9, the fibers 
are wound in turns of increasing diameter about an axis 
in the equatorial plane of the spherical shell 140 so that 55 
the largest diameter turns are at the equatorial region 
141 and tensioned by bending of the shell so that the 
modulus of elasticity in this region is relatively high due 
to the, typically, relatively high modulus of the fibers in 
tension. However, at the polar region the stiffness in 60 
bending is provided only by the binder, typically epoxy 
material of low modulus of elasticity. As a result, shell 
140 will undergo differential circumferential variations 
in regions 141 and 142 when the shell is immersed in a 
fluid having acoustic vibrations. These differential vari- 65 
ations may be detected interferometrically, in a manner 
similar to that shown in FIGS. 1 and 2, by a pair of 
optical fiber windings 147 and 148 disposed, respec-
10 = 0.12 ~ E 
r p 
(11) 
where fo is the frequency, p is the density of the shell 
material and r is "a" for an oblate spheroid and "b" for 
a prolate spheroid. For values of v between zero and 
one-half the value of the constant term in equation (16) 
can vary by about + 15% which is not significant here. 
The strength of a hydrophone shell, such as shell 20, 
determines its maximum operating depth and must, 
therefore be above its buckling pressure. It is known 
that the buckling pressure of an oblate spheroidal shell 
is greater that of a spherical shell having a radius of 
curvature equal to that of the oblate spheroid at a pole. 
Similarly, the buckling pressure of a prolate spheroidal 
shell is greater than that of a toroidal shell having radii 
of curvature equal to those of the prolate spheroid at the 
equator. The actual bucking pressure of an oblate sphe-
roidal shell may be only half of the theoretical value due 
to the presence of imperfections, whereas as prolate 
spheroidal shell is not very imperfection sensitive. In 
view of known calculations involving these consider-
ations, an ellipsoidal shell should not buckle if the static 
pressure is less than 
(12) 
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(17) 
To make comparisons between optical fiber interfero-
metric hydrophones of different designs, it is customary 
5 where c is the speed of sound in the fluid and fmax is the 
highest frequency at which the hydrophone will be 
expected to exhibit an isotropic sensitivity. This choice 
of r will result in the smallest possible resonant fre-to defme a normalized sensitivity 
Mo=llcPlcPp=2IlLlLp.In this definition, the factor of 10 
two arises historically since the original hydrophone 
designs required an inert reference leg and the present 
design uses two active coils or wrappings; cP is the opti-
cal phase angle, and L is the length of both interferome-
ter legs such as wrappings 22 and 22. Utilizing equations 15 
(6) and (7) above it can be shown that: 
(14) 
..:!!2!!!L [a3 a2 a ] 20 2Et 2 b3 + iJ2 - 2(2 - v) 11 + (I - 2v) 
where N is the turns ratio of two equal length wrap-
pings and is given by N = NM/NE where NE is the num- 2S 
ber of turns around the equator and NMis the number of 
turns around the meridian, NEand NMbeing, in general, 
non-integer since L is the total length of wrappings 21 
and 22. 
lt is apparent that the sensitivity of an oblate spheroi- 30 
dal fiber-optic flextensional hydrophone is increased by 
increasing aspect ratio (alb) and overall size, and de-
creasing shell thickness and the Young's modulus of the 
shell material; however, the sensitivity can only be 
increased subject to the maximum operating depth, 35 
which sets the static pressure P, and the bandwidth. The 
maximum operating depth is set by the buckling pres-
sure is given by equations (12) and (13) above. This can 
set the value of tlb in terms of the aspect ratio: 
quency fo for a given bandwidth O;:§f;:§fmax. Since 
(Elp)t, the speed of extensional waves in a thin bar 
made of the shell material, is less than four times the 
speed of sound in water, equations (11) and (17) predict 
that fo;:§3 fmax• 
To illustrate the design procedure and to compare the 
performance of a resulting hydrophone of the first em-
bodiment, there is now presented a design thereof using 
2024-T3 aluminum (E=7.31 X 1OIOPa, v=O.33, p=2770 
Kgm/m3), with a maximum operating pressure of 
6.9X I06Pa, equivalent to a depth of 2300 ft, and assum-
ing fmax ::::5 kHz. Starting with equation (16) we obtain 
the optimum aspect ratio (alb)p= 1.52. Substituting this 
into equation (15) sets tlb=O.032. N = 1.18 is a lower-
bound as given by: 
(18) 
Equation (14) then yields the normalized sensitivy 
Mo=5.4 X 10- 10 Pa-I. This is 3 dB between than typi-
cal prior art hydrophones using optical fiber wrapped 
cylinders which have a calculated sensitivity of 
Mo=3.8X 10- 10 Pa- I and 29 dB better than typical 
conventional coated-fiber designs Mo = 2 X 10- II Pa - I. 
The calculation, thus far, has set the ratios of tlb and 
alb but has not set the absolute size of the hydrophone 
which is obtained by using the frequency response. 
40 With fmax ::::5 kHz, equation (15) then places amax=4.8 
(IS) cm and t= 1 mm. The size cannot be reduced indefi-
nitely since the absolute sensitivity ofthe hydrophone is 
proportional to the product of the normalized sensitiv-
ity, Mo, and the length of the fiber used in the coils, L. 
As the size is reduced, it is not possible to place suffi-
cient optical fiber around the circumferences of a shell 
For membrane theory to be valid, the maximum value 4S 
of tlb is limited by equations (3) and (4). A conservative 
interpretation of the strong inequality would place 
tlb=O.I(b/a)3. Applying this constraint to equation 
(15) gives the following expression for the optimum 
aspect ratio, (alb)p, if pressure tolerance is the only 50 
constraint: 
(16) 
such as shell 20 in FIG. 1. 
Unlike the prior art optical fiber, interferometric 
hydrophones, a flextensional hydrophone of the present 
invention as shown in FIG. 1 does not require difficult 
winding techniques or access to the interior of the hy-
drophone. In addition to simplifications in fabrication 
procedures, the entirely external wrappings allow the 
55 creation of multi-element arrays of flextensional hydro-
phones. The equatorial and meridional wrappings of 
several different spheroidal sized oblate connected 
shells can be connected in series to increase bandwidth 
or several hydrophones with equal sized spheroidal 
This is obviously an exceedingly weak function of 
both E and P since if E/P doubles, the optimum aspect 
ratio will increase by only 7%. 
The choice of operating bandwidth then can be used 
60 shells may be arranged in an arrayed to improve noise 
rejection. 
to set the maximum value of the semi-major axis, r, of 
the hydrophone. In order to satisfy the compactness 
criterion, which requires that an omnidirectional hydro-
phone be much smaller than the wavelength t..=c/f of 65 
the sound it is intended to detect, the semi-major axis is 
restricted to 21Tr/t..;:§ 1. The largest value ofr which still 
safely satisfies the compactness criterion is 
Obviously many modifications and variations of the 
present invention are possible in light of the above 
teachings. It is, therefore, to be understood that the 
present invention may be practiced within the scope of 
the following claims other than as specifically de-
scribed. 
What is claimed is: 
13 
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1. A sensor for pressure variations in a fluid, such 
variations having a predetermined frequency range and 
the sensor comprising: 
an elastic and ellipsoidal shell having an interior sur-
face and immersible in the fluid so that such varia- 5 
tions induce in the shell deformations correspond-
ing to the variations, and 
transducer means for providing a signal correspond-
ing to said deformations, said transducer means 
including 10 
a mass disposed centrally within the shell, 
a resilient cylinder extending axially between said 
mass and said surface and having with said mass 
a natural frequency of oscillation substantially 
lower than said predetermined frequency range 15 
so that such variations thereat cause correspond-
ing changes in the length and in the circumfer-
ence of the cylinder, and 
an optical fiber having a plurality ofturns wrapped 
in tension about the circumference of the cylin- 20 
der so that the fiber has interferometrically de-
tectable changes in length corresponding to said 
changes in said circumference. 
2. A sensor for pressure variations in a fluid, the sen-
sor comprising 25 
an elastic and ellipsoidal shell immersible in the fluid 
so that such variations induce in the shell deforma-
tions corresponding to the variations, and 
transducer means for providing a signal correspond-
ing to said deformations, said transducer means 30 
including an optical fiber wrapped about the shell 
and fixedly connected thereto so that said fiber has 
interferometrically detectable changes in length 
corresponding to said deformations of the shell. 
3. The sensor of claim 2 wherein said shell is substan- 35 
tially a spheroid having a pair of orthogonaly related 
axes of different lengths and wherein said fiber is one 
fiber of a pair thereof wrapped circumferentially about 
said spheroid along each of said axes. 
4. The sensor of claim 3 wherein said fibers are a pair 40 
of legs of an interferometer. 
5. A sensor for fluid pressure vibrations, the sensor 
comprising: 
a generally spheroidal and elastic shell having a pair 
of orthogonally related axes of unequal length and 45 
having a pair of circumferential directions around 
the shell corresponding to said axes so that, when 
the shell is subjected to such vibrations, said vibra-
tions induce in said directions differential varia-
tions in the circumference of the shell; and 50 
transducer means extending circumferentially about 
the shell for detecting said variations, wherein said 
transducer means comprises a pair of strain detect-
ing elements, one element of said pair being 
wrapped circumferentially about the shell in one of 55 
said directions, the other element wrapped circum-
ferentially about said shell in the other of said di-
rections. 
6. The sensor of claim 5 wherein, in said transducer 
means, one of said strain detecting elements is a refer- 60 
ence element. 
7. The sensor of claim 5 wherein said shell is oblate 
and the relative lengths of said axes are such that, for 
increasing and for decreasing fluid pressure to which 
the shell is subjected due to said vibrations, the circum- 65 
ference of the sheIl about one of said axes increases and 
the circumference of the sheIl about the other of said 
axes decreases. 
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8. A sensor for fluid pressure vibrations, the sensor 
comprising: 
a generaIly spheroidal and elastic sheIl having a pair 
of orthogonaIly related axes of unequal length and 
having a pair of circumferential directions around 
the shell corresponding to said axes so that, when 
the shell is subjected to such vibrations, said vibra-
tions induce in said directions differential varia-
tions in the circumference of the shell; and 
transducer means extending circumferentially about 
the shell for detecting said variations and having a 
pair of strain detecting elements, one element of 
said pair being wrapped circumferentially about 
the shell in each of said directions and said pair of 
elements being a pair of optical fibers of substan-
tially equal length connected as a pair of legs of 
interferometer means for detecting said vibrations 
by detection of differences in the lengths of said 
fibers. 
9. The sensor of claim 8 wherein said pair of optical 
fibers are wrapped about said shell in tension and exter-
nally thereof. 
10. A sensor for fluid pressure vibrations, the sensor 
comprising: 
an elastic shell of oblate spheroidal configuration, the 
shell having a pair of orthogonally related axes of 
unequal length and having a pair of circumferential 
directions around the sheIl corresponding to said 
axes so that, when the sheIl is subjected to such 
vibrations, said vibrations induce in said directions 
differential variations in the circumference of the 
shell, the relative lengths of said axes being such 
that, for increasing and for decreasing fluid pres-
sure to which the shell is subjected due to said 
vibrations, the circumference of the shell about one 
of said axes increases and the circumference of the 
shell about the other of said axes decreases; and 
transducer means extending circumferentially about 
the shell for detecting said variations, said trans-
ducer means including a pair of optical fibers, 
which are of substantially equal length and are 
wrapped circumferentially about the shell in each 
of said directions so that said pair of fibers are 
connectable as pair of legs of said interferometer 
means for detecting said vibrations by detection of 
said differences in the lengths of said fibers. 
11. A sensor for fluid pressure vibrations, the sensor 
comprising: 
an elastic shell of oblate spheroidal configuration, the 
sheIl having a pair of orthogonally related axes of 
unequal length and having a pair of circumferential 
directions around the shell corresponding to said 
axes so that, when the shell is subjected to such 
vibrations, said vibrations induce in said directions 
differential variations in the circumference of the 
shell, the relative lengths of said axes being such 
that, for increasing and for decreasing fluid pres-
sure to which the shell is SUbjected due to said 
vibrations, the circumference of the shell about one 
of said axes increases and the circumference of the 
shell about the other of said axes decreases, 
the shell being constructed of a predetermined 
material, 
the thickness of the shell being such that, at any 
location thereon and in a direction circumferen-
tially of the shell, the shell is subjected to gener-








where "A" is the length of the longer axis, "B" is 
the length of the shorter axis, and "v" is Pois-
son's ratio of said material; and 
transducer means extending circumferentially about 
the shell for detecting said variations. 
12. A sensor for a pressure variation in a fluid, the 10 
sensor comprising: 
a spheroidal and elastic shell immersible in the fluid, 
the shell having a pair of circumferential directions 
therearound corresponding to a pair of orthogo-
nally related axes of the shell, and the shell having 15 
a construction such that, when the shell is sub-
jected to such a pressure variation, there is a differ-
ential variation in the circumference of the shell in 
each of said directions; and 
transducer means having a pair of elements for de- 20 
tecting said differential variation, an element of 
said pair extending circumferentially about the 
shell in one of said directions so that one of said 
elements is a reference element wrapped circum-
fere?tially about said shell in the other of said di- 25 
rectlons. 
13. The sensor of claim 12 wherein said construction 
comprises 
said shell being an oblate ellipsoid of substantially 
uniform thickness; 
said shell being formed of material having isotropic 30 
elastic properties; and 
one of said axes being the shortest axis of the ellip-
soid. 
14. The sensor of claim 12 wherein said construction 
comprises the shell having greater thickness in a cir- 35 
cumferential region corresponding to one such direc-
tion than in a circumferential region corresponding to 
the other such direction. 
15. The sensor of claim 12 wherein said construction 
comprises the modulus of elasticity of the shell being 40 
greater in a circumferential region corresponding to one 
such direction than in a circumferential region corre-
sponding to the other such direction. 
16. A sensor for a pressure variation in a fluid, the 
sensor comprising: 45 
a spheroidal and elastic shell immersible in the fluid, 
the shell 
being of substantially uniform thickness, 
being formed of material having isotropic elastic 
properties, and 
being an oblate ellipsoid having a pair of circumfer- 50 
ential directions therearound corresponding to a 
pair of orthogonally related axes of the ellipsoid, 
one of said axes being the shortest axis of the 
ellipsoid, 
so that, when the shell is subjected to such a pressure 55 
variation, there is a differential variation in the 
circumference of the shell in each of said direc-
tions, and 
the shell being a thin shell and the relative length of 
said pair of axes being substantially in accor- 60 
dance with 
A/B>(2-v)! 
such a direction corresponding to said shortest 
axis decreases and the circumference of the shell 
corresponding to such axis orthogonal to said 
shortest axis increases and so that when the shell 
is subjected to a decreasing such variation the 
circumference of the shell in such a direction 
corresponding to said shortest axis increases and 
the circumference of the shell corresponding to 
such axis orthogonal to said shortest axis de-
creases; and 
transducer means having a pair of elements for de-
tecting said differential variation, an element of 
said pair extending circumferentially about the 
shell in each of said directions so that one of said 
elements is a reference for the other. 
17. A hydrophone for detecting pressure vibrations in 
a fluid, the hydrophone comprising: 
an elastic spheroidal shell, which is of oblate configu-
ration so that the shell has a shortest axis and has a 
longer axis orthogonally related thereto, which is 
of substantially uniform thickness, and which is 
constructed of a material having substantially uni-
form elastic properties, the shell being immersible 
in said fluid so that the circumference of the shell 
about each of said axes changes in length due to 
said vibrations and so that, due to said oblate con-
figuration, the circumference of the shell about the 
shortest axis has a different change in length during 
each vibration than the circumference about said 
longer axis; 
a first optical fiber wrapped in tension about the shell 
circumferentially of said shortest axis so that the 
length of said first fiber varies during said vibra-
tions in correspondence with such change in length 
of the shell about the shortest axis; 
a second optical fiber wrapped in tension about the 
shell circumferentially of said longer axis so that 
the length of said first fiber varies during said vi-
brations in correspondence with such change in 
length of the shell about the longer axis; and 
interferometer means connected to said first optical 
fiber and to said second optical fiber for detecting 
relative changes in lengths of said fibers due to 
changes in the circumference of the shell caused by 
said vibrations and for generating a signal corre-
sponding to said pressure vibrations. 
18. The hydrophone of claim 17 wherein said first 
and said second optical fibers are each disposed in a 
plurality of turns wrapped about the exterior of the 
shell. 
19. The hydrophone of claim 17 wherein the ratio of 
the width of the shell along said longer axis to the width 
of the shell along said shortest axis is greater than the 
square root of a number which is the integer 2 minus 
Poisson's ratio for said material of which the shell is 
constructed, whereby such changes in length of the 
circumference of the shell about said shortest axis are of 
opposite sign to such changes in length of the circum-
ference of the shell about said longer axis. 
20. The hydrophone of claim 17 further comprising: 
an elastomeric envelope surrounding said Shell; 
an orifice defined by said shell and providing re-
stricted fluid communication between the exterior 
and interior thereof; and 
a quantity of liquid filling said envelope and said 
shell; 
where B is the length of said shortest axis, A is 
the length of an axis orthogonal to said shortest 
axis, and v is Poisson's ratio for said material, so 
that when the shell is SUbjected to an increasing 
such variation the circumference of the shell in 
65 whereby said liquid equalizes static pressure between 
the exterior and exterior of said shell through said ori-
fice. 
* * * * * 
